Melt polymerization conditions for D,Llactide initiated with tetraphenyltin were studied with regard to polymer molecular weight and weight distributions. "Single" polymerization, "multiple" polymerization (four or eight reactions a t the same time), and timedependent studies are described. Single polymerizations using constant initiator concentrations resulted in a broad scattering of nonreproducible molecular weight values. Multiple polymerizations at constant initiator concentrations, however, resulted in nearly identical molecular weight profiles. Multiple polymerizations at different initiator concentrations did not show an inverse dependency of initiator concentration on polymer molecular weight. Both the single and multiple melt polymerizations resulted in rather broad molecular weight distributions. The presence of hydrolysis products of lactide during the melt polymerization most likely has a detrimental effect on molecular weight. After a short induction period the rather slow polymerization of D,L-lactide resulted in a maximal molecular weight followed by a slight decrease in molecular weight to a constant value. It is concluded that the polymerization of D,L-lactide in the melt initiated with tetraphenyltin does not proceed through a "living" mechanism.
INTRODUCTION
Over the past 20 years there have been studies for the application of poly(D,L-lactic acid) as a biodegradable polyester in medicine and surgery,' e.g., as sutures,2 burn wound ~overing,~ sustained release ~y s t e m ,~ or as resorbable prostheses in maxillofacia15 and orthopedic surgery.6 In our laboratories we have applied poly(D,L-lactic acid) as temporary eardrum grafts in rats7 and dogs.
Although poly(D,L-lactic acid) may be prepared by the direct condensation of L(+)-and lactic acid,a10 the preferred method for the preparation of high molecular weight poly(D,L-lactic acid) is the ring-opening polymerization of the six-membered cyclic diester D,L-lactide (mp 126"C), initiated with a suitable initiator, e.g., tin-(IV)-chloride,l' Zn,12 stannous ~c t o a t e ,~ or tetraphenyltin. The polymerization can be performed in solution under mild condition^'^ or, for the preparation of high molecular weight polymers, preferably in the melt at higher temperatures. Purified D,L-lactide (mp 126"C), derived from the racemic mixture of L(+)-and D(-)-lactic acid, is the molecular 1:l compound of both enantiomers L(-)-lactide and D(+)-lactide.14 It has been reported that for the melt polymerization of lactide the polymer molecular weight can be controlled by varying the amount of initia t~r . '~J~ This statement, however, is not in agreement with other literature data.3J7-21 A literature survey on the melt or bulk polymerization of lactide and of other six-and seven-membered ring lactones, i.e., glycolide and Ecaprolactone, revealed that initiators have been employed in a wide concentration range and also that both high and low molecular weights have been obtained with no relationship to initiator concentration^.'^^^^-^^ Only under solution polymerization conditions does the ring-opening polymerization proceed in a predictable way. 37 The purpose of this study is to find the relation between melt polymerization conditions for D,L-lactide initiated with tetraphenyltin and polymer molecular weight and weight distribution. In addition to this, the existence of a "living" mechanism for the melt polymerization of D,L-lactide is discussed. and Sinclair and GynnZ9 using tetraphenyltin as the initiator. Pure D,Llactide (1 g) was placed in a clean polymerization tube which was dried for 24 h. The appropriate amount of initiator dissolved in 0.5 mL of dry benzene was added. The tube was then connected directly (single polymerizations) or via a n adaptor (multiple polymerizations) to a purge valve system with access to vacuum or dry nitrogen (Fig. 1) . The solvent was evaporated at reduced pressure and the lower part of the tube was placed in a n oil bath (temperature range 60-100°C). D,L-lactide was sublimed onto the air cooled portion of the tube (0.1 mm Hg) for removal of residual solvent and water vapor. A negligible amount of D,L-lactide is lost during the sublimation step. During the sublimation step the tube was purged several times with dry nitrogen. After the sublimation the tube was sealed under vacuum and next the tube was immersed in a n oil bath which was kept at 180 & 1°C for 24 h or for various time periods, respectively. Apart from the "time variation" experiments, the resulting poly(D,L-lactic acid) (glass transition 51-59°C according to DSC) was dissolved in acetone, precipitated in water under vigorous stirring, filtered, and dried in uucuo at room temperature. Only very small amounts of monomer are removed by this procedure. For "time variation" experiments four or eight sealed tubes (cf. multiple polymerization)
EXPERIMENTAL
were immersed in the oil bath of 180 A 1°C at time t = 0. At predetermined intervals the tubes were removed and quenched by cooling. After storage at -15°C the contents of the tubes were dissolved in tetrahydrofuran. Aliquots of these solutions were used for gel permeation chromatography (see below). Two peaks were observed in the chromatogram if D,L-lactide monomer was still present. Conversion of D,L-lactide was calculated from the relative peak area's (after correction for the difference in refractive index increments of polymer in THF (dn/dc = 0.050) and of D,L-lactide in THF (dn/dc = 0.046), respectively). x,, and xw of the polymers were also calculated. This procedure differs from the one described by Gilding and Reedlg and by Sanina et al.,33 in which residual monomer was removed and the percentage conversion was based on the amount of insoluble polymer obtained.
METHODS

Gel Permeation Chromatography
The gel permeation chromatographic measurements were performed with a low-pressure Water's Model GPC-200 apparatus having a 5-mL syphon. In another study:' using a universal calibration curve procedure, we were able to decide that Q = 33 k 1 had to be taken as the right value. In the present study, columns with a low exclusion limit in the low molecular weight region were chosen to be able to determine monomer and oligomer content in a reliable way.
Empirical peak-broadening correction was applied based on polystyrenes for which M,, M,, and az were known (membrane osmometry, light scattering, and equilibrium distribution in the ultracentrifuge, respectivelP2).
_ -
Light Scattering Measurements
Light scattering measurements were performed at five concentrations below 0.5% (w/v> in a Fica 50 light scattering photometer, using vertically polarized light of wave length 436 nm. Reliable Zimm plots were obtained for acetone solutions which had been filtered through Fluoropore 0.2 pm filters (purchased from Millipore Corp.). Toluene could not be used as a solvent because of the very low dn/dc value [ -0.02 for poly(D,L-lactic acid) in toluene]. Light scattering measurements were performed at 11 angles between 30" and 150" to the incident beam. Refractive index increments were measured on a Brice Phoenix refractometer. The dn/dc value for poly(D,L-lactic acid) in acetone at 25°C was 0.097.
Membrane Osmometry
A Hallikkainen Model 1361 Automatic Osmometer was used with cellophane membranes (Sartorius Membrane Filter SM 11539). Measurements at five 'concentrations were carried out in toluene as the solvent.
RESULTS
Single Melt Polymerization
In Table I the results of 20 "single" melt polymerizations of D,Llactide initiated with tetraphenyltin are presented. Apart from the initiator concentrations, the conditions for these polymerizations were identical. Several polymerizations resulted in very low polymer molecular weights ("failures"). Only one of these values, the first result at M/I = 30,000, is included in Table I .
All polymerizations resulted in broad molecular weight distributions. GPC chromatograms showed that the smallest molecules had molecular weights in the range 100-3000 (DP = 1-20). The largest molecules present ranged from 65,000 to 140,000 (DP = 450-970) for the low molecular weight samples up to 665,000-1.450,OOO (DP = 4600-10,000) for the medium and high molecular weight samples. 
Multiple Melt Polymerizations
In the following sets of melt polymerizations the adaptor described in Experimental ( Fig. 1) was used, and four tubes were prepared for polymerization at the same time. In the first three series (1, 2, and 3) the monomer/initiator ratio was kept constant at 7500,15,000, and 30,000 moll mol, respectively. The results are presented in Table 11 . The molecular weight distributions of the poly(D,L-lactic acid) samples prepared in this way were rather similar to those observed during the single polymerization study. Always a long "tail" towards very low molecular weight species (650-1500) was observed, whereas at the same time chain molecules having molecular weights of 310,000-665,000 were present. In the next three series of multiple polymerizations (4, 5, and 6) the initiator concentration was varied in each series. The results are presented in Table 111 . In series 6 the initiator concentrations were kept very low.
Effects of Impurities
In one set of multiple (four at a time) melt polymerizations, either a small amount of water, of recrystallization solvent (ethyl acetate), or of the ethyl acetate mother liquor was added along with D,L-lactide plus initiator. The fourth tube without extra additions served as a reference. After sublimation the tubes were sealed and polymerized in the usual manner. These results are presented in series 7 of Table IV. In another set of multiple polymerizations two tubes had been filled with freshly prepared D,Llactide whereas the other two tubes contained ~,~-l a c t i d s which had been stored in a desiccator over P,O, and subsequently CaC1, for several months.The results are given in series 8 of Table IV. 
Time Variation Experiments
Several multiple polymerizations were carried out to determine the effect of polymerization time on the degree of conversion of D,L-lactide and on polymer molecular weight. A representative "reaction profile" is shown in Figure 2 leading to xw = 104,000 and x,, = 43,000 after 24 h of polymerization, using a monomer/initiator ratio of 30,000 mol/mol. After a short induction period (see below) there appear to be three stages of polymerization. During the first 8-9 h a comparatively rapid rise of xw and x,, was 
DISCUSSION
Optimization of Polymerization
Our early observation that high molecular weight poly(D,L-lactic acid) could not be prepared reproducibly by melt polymerizing D,L-lactide initiated with tetraphenyltin was confirmed by the results of the single melt polymerization study shown in Table I . However, better results are obtained if four polymerizations are carried out simultaneously. In the first two series of four melt polymerizations at constant initiator concentrations (series 1 and 2, Table 11 ) a very good reproducibility was found for and to a somewhat lesser extent for x,,. Also, in series 3, at the lowest initiator concentration, the reproducibility is still satisfactory. In the next three series of multiple melt polymerizations (series 4, 5, 6, Table 111 ) the initiator concentration was varied in each series, but no inverse relationship between initiator concentration and polymer molecular weight was obtained. In series 6 the four different initiator concentrations were kept quite low. In this case only a slight decrease of polymer molecular weight with decreasing initiator concentration was observed. This might suggest that without initiator still pOly(D,L-laCtiC acid) with reasonably high polymer molecular weight can be obtained. This suggestion, however, is contradicted by the last result of series 4 of Table 111 .
The reproducibility of lactone polymerizations has received little attention so far. A substantial variation of xw between 57,000 and 98,000 was observed by Lundberg et al. 35 during solution polymerization of ecaprolactone. It was suggested that this variation was due to the presence of trace amounts of moisture which was confirmed by a very significant decrease of polymer molecular weight after polymerization in the presence of 1.5 mol % of H20. According to F o~t y ,~~ water can act as a chain transfer agent. During our experiments, much care was taken to exclude impurities. It is concluded from the results presented in series 8 of Table IV that D,L-lactide stored in a desiccator over P205 and subsequently over CaC1, is subject to a n aging effect, i.e., formation of lactoylactic acid from remnants of the moisture sensitive rneso-lactide present in the D,L-lactide.
Comments on the Reaction Mechanism
The two melt polymerization reaction profiles shown in Figures 2 and 3 are representative for a number of other observed reaction profiles. Our time variation results may be compared with data on the melt polymerization of glycolide initiated with stannous octoate and lauryl alcohol as a catalyst activator at 220"C19 or with antimony trifluoride at 160-170°C; and with data on the bulk polymerization of e-capr~lactone.~~ It then appears that under our experimental conditions the conversion of D,L-lactide was a comparatively slow process. Gilding and Reedlg observed that 80% conversion of glycolide had taken place within the first 30 min and a n additional 3.5 h yielded a further 1696,9696 being the limit of polymerization. Polymer chains of molecular weights as large as 2 x lo6 were present within 30% of conversion. No induction period was reported, although Sanina et al.33 monitored a relatively slow initiation process with antimony trifluoride. From a low conversion copolymerization studylg it was concluded that glycolide was clearly more reactive than lactide.
Young et al.d5 mentioned the bulk polymerization of c-caprolactone initiated with a coordination-insertion tfie initiator at 204"C, by following the viscosity as a function of polymerization time. Although the polymerization appears to proceed much faster, the shape of the e-caprolactone reaction profile is comparable to the one drawn in Figure 2 , also showing a maximum in polymer molecular weight; however, a n induction period is not mentioned. 
Mn
Avogadro's number From these calculations it was found that in the average the pOly(D,L-laCtiC acid) samples having low average molecular weights, contained 400-800 times more polymer chains than tetraphenyltin initiator molecules; those having medium average molecular weights contained 100-200 times more polymer chains; and those having high average molecular weights contained 25-80 times more polymer chains. Also in the early stages of melt polymerization (see Figs. 2 and 3 ) the number of polymer chains was already a multiplicity of the number of tetraphenyltin initiator molecules originally present which does not fit in with a living mechanism. These results might indicate that chain transfer phenomena, ester interchange reactions, and perhaps the formation of cyclic compounds in a depolymerization reaction have taken place. It should be realized that in our investigation the polymerization temperature was more or less equal to the depolymerization temperature for the preparation of D,L-lactide from low molecular weight pOly(D,L-laCtiC acid). A few polymerizations of D,clactide in the melt were carried out at a considerably lower reaction temperature, 130"C, in the presence of stannous octoate as the initiator, leading to significantly higher
M, values but not to very high xn values (e.g., Xw = 326,000; Xn = 35,000;
M/I = 7000). Also in these cases the number of polymer chains was found a multiplicity of the number of initiator molecules originally present (30 times more in the above example). On the other hand, it cannot be excluded -that the tetraphenyltin molecule does not act as a real initiator, but that one tetraphenyltin molecule is able to catalyze the formation of a number of chains. Our study of the initiation mechanism of lactidem did not give a n answer as to the true initiating nature of tetraphenyltin.
CONCLUSIONS
1. Both the results of typical single and multiple melt polymerizations of D,L-lactide indicate that polymer molecular weights cannot be predicted.
2.
If multiple polymerizations are carried out at constant initiator concentration, a good reproducibility of polymer molecular weight is obtained. For multiple polymerizations carried out at different initiator concentrations a n inverse dependency of initiator concentration on polymer molecular weight may not be expected.
3. The lack of reproducibility of polymer molecular weights is felt to be related to the presence of contaminants-especially hydrolysis products of D,L-lactide and meso-lactide.
4. The melt polymerization of D,L-lactide at 180°C initiated with tetraphenyltin is a slow process, reaching the maximum polymer molecular weight after about 15 h, followed by a slight molecular weight decrease to a constant value. A short induction period is noted in the reaction.
5. A living mechanism for the ring-opening polymerization of lactones has frequently been discussed. This study (molecular weight distribution, conversion, induction period) contradicts predictions that can be derived from such a living mechanism.
